Background: Although hyperglycemia increases the risk of cardiovascular disease (CVD) in diabetic patients, the risk associated with blood glucose levels in the nondiabetic range remains unsettled.
I
NCREASING LEVELS OF GLYCEMIA among patients with diabetes mellitus (DM) is associated with increasing risk of cardiovascular disease (CVD). [1] [2] [3] Recent follow-up data from the Diabetes Control and Complications Trial support the notion that intensive glycemic control in patients with DM can slow atherosclerosis. 4 The current guidelines for diagnosis of DM were developed primarily on the basis of the blood glucose level threshold for microvascular complications, however. 5, 6 The blood glucose level threshold for CVD may be different, or there may be no threshold. [7] [8] [9] Numerous studies have examined whether blood glucose levels in the nondiabetic range are associated with increased risk of CVD, but results have not been consistent. In 1979, a collaborative study of 15 populations found conflicting results between populations, 9 but a subsequent meta-analysis of all available data to 1996 concluded that elevated blood glucose level was associated with risk in people without DM. 10 However, several interesting and clinically important questions about the glycemia-CVD relationship remain unanswered. First, although DM is a stronger risk factor in women than men, it is unclear whether the sex difference extends to nondiabetic hyperglycemia. Second, although glycemic control often decreases with age, it is not known whether elevated blood glucose levels in the elderly are associated with the same risk as in middle-aged individuals and whether different types of hyperglycemia are equally deleterious at all ages. 11 Third, hyperglycemia is associated with and potentially confounded by risk factors for CVD, including high blood pressure, dyslipidemia, obesity, and a sedentary lifestyle. 9, 12 Whether hyperglycemia is a risk marker independent of other metabolic abnormalities is still unknown. 13 Finally, the different methods of glucose assessment (fasting or postchallenge glucose level or glycosylated hemoglobin level) may have contributed to the heterogeneous results in published studies. To explore these is-sues, we conducted a systematic review and metaanalysis of all available prospective studies.
METHODS

STUDY SELECTION
We searched MEDLINE and National Institutes of Health Computer Retrieval of Information on Scientific Projects using keywords and medical subject headings relating to blood glucose and CVD (Figure 1 ). The bibliographies of retrieved articles were examined to ensure that all relevant, English-language articles up to May 2003 were identified. End points of interest included incidence of or mortality due to myocardial infarction, coronary heart disease, stroke, and CVD. Studies must have excluded people with known DM or included them as a separate group. The exclusion could be determined by results of a baseline assessment of blood glucose level or a previous diagnosis. Studies could have measured glucose level from any blood fraction. A total of 576 publications were identified, of which 17 reports were identified from bibliographies. Most articles were excluded after reading the abstract because they measured the blood glucose level retrospectively, did not have a comparison between groups without DM, or used CVD risk factors as end points. Of the 73 articles retrieved for full review, we further excluded 35 articles after complete reading. The reasons for exclusion include (1) multiple publications on the same cohort (n=11), (2) inability to separate people with and without DM (n = 13), and (3) nonreporting of information required to calculate the standard error (n = 11). The most recent publication on each study population including all necessary information was selected for each of the planned analyses. Two independent investigators reviewed the literature and identified eligible studies. The final data set of 38 independent study populations included 29 study populations that compare the top glycemia category with the bottom one and 26 study populations that examined blood glucose level as a continuous risk marker.
DATA EXTRACTION
Two independent investigators (E.B.L. and Y.S.) gathered the following information using a standardized data extraction form with differences resolved by discussion: lead author, number of participants, number of CVD events, study duration, age range, percentage of men in the study population, types of CVD end points, control for CVD risk factors, blood glucose level measurement, blood glucose level range in all categories, relative risk (RR) comparing the upper and lower categories of blood glucose level, and 95% confidence interval (CI) or P value. If the upper end of the range of blood glucose level was not reported, we assumed that the cutoff was the current diagnostic criteria for diabetes. If the lower end of the range was not reported, we assumed that it was 55 mg/dL (3.1 mmol/L) when symptoms of hypoglycemia begin to manifest (60 mg/dL [3.3 mmol/L] for autonomic effects and 50 mg/dL [2.8 mmol/L] for brain dysfunction).
14 Relative risks or ␤ coefficients were also extracted from studies that assumed that blood glucose level was linearly related to CVD risk. Results for subcohorts were extracted as independent populations.
STATISTICAL ANALYSIS
To achieve a normal distribution, we transformed RRs comparing the highest with the lowest glycemia category by means of a natural log scale. The standard errors of the transformed RRs were calculated from reported 95% CIs or P values. We used random-effects models to calculate summary RRs to account for heterogeneity across individual studies. For the primary analysis, we used the most inclusive CVD end point and selected the exposure measures with the following preference: (1) blood glucose level after glucose load (postchallenge), (2) fasting blood glucose level, (3) glycosylated hemoglobin level, and (4) nonfasting (casual) blood glucose level. Sensitivity analyses were performed to examine whether the exposure measure and end point selected would markedly change the results. Through stratified analysis, we further examined sex, age, adjustment for traditional CVD risk factors, method of blood glucose level measurement, and type of CVD end point as potential sources of heterogeneity. To be considered as adjusted for CVD risk factors, studies must have adjusted for 2 or more of the following: blood pressure, total cholesterol level, highdensity lipoprotein cholesterol level, body mass index, smoking, and physical activity. We confirmed between-group heterogeneity using meta-regression. 15 We also used metaregression to explore the relationship between the natural log RR and study duration. To examine whether increased CVD risk was due to inclusion of people with undiagnosed DM, we conducted a subgroup analysis of studies that used baseline blood glucose level measurements and the current definitions of DM (Ն126 mg/dL [Ն7.0 mmol/L] for fasting blood glucose level or Ն200 mg/dL [Ն11.1 mmol/L] 2 hours after a 75-g glucose load) 5, 6 as exclusion criteria. Publication bias was assessed by means of a funnel plot. We performed additional analyses of publications that reported ␤ coefficients or RRs considering blood glucose level as a continuous risk marker. We used studies that reported 3 or more categories of nondiabetic blood glu- cose level to examine the dose-response curve. 16 We estimated the average glycemia level by the midpoint of each reported range. We then divided the range of nondiabetic blood glucose levels under pre-1997 criteria (55-140 mg/dL [3.1-7.8 mmol/L] for fasting blood glucose level and 55-200 mg/dL [3.1-11.1 mmol/L] for postchallenge glucose level) into 5 equally sized intervals. We assigned the RRs from each study into 1 of these intervals on the basis of the average glycemia level. We calculated the random-effects pooled RR for each interval and fit a binomial regression line. All calculations were performed using STATA version 8 software (STATA Corporation, College Station, Tex).
RESULTS
The 29 study populations that compared the highest with the lowest category of glycemia consisted of 194658 participants with a mean follow-up duration of 12.0 years (range, 4-23 years) and at least 6551 cardiovascular events. Women made up 17% of the total population (33430 participants, approximately 1000 events). Thirteen studies reported postchallenge glucose levels with a variety of glucose loads and sampling times [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ; 18 reported fasting glucose levels 19, 22, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] ; 5 reported casual glucose levels [36] [37] [38] [39] ; and 3 reported glycosylated hemoglobin levels ( Table 1) . 19, 40 The midpoint of the upper blood glucose level category ranges from 150 to 194 mg/dL (8. Table 2) . 36, 37, 53 Using a random-effects model and combining studies with various types of glycemia assessment, we found that people in the top category of blood glucose level had a risk of CVD that was 36% greater than those in the bottom category (pooled RR, 1.36 [95% CI, 1.23-1.52]; PϽ .001 for heterogeneity) (Figure 2 ). There were no appreciable differences in the pooled RRs obtained in sensitivity analyses using different algorithms to select blood glucose level measurements and end points. Restricting the analysis to the 13 studies that used current diagnostic definitions of DM as exclusion criteria [18] [19] [20] 22, 24, 25, 30, 34, 35 did not significantly alter the pooled RR (RR for current criteria, 1.26 [95% CI, 1.11-1.43]; RR for all other studies, 1.48 [95% CI, 1.25-1.75]; P= .14 for between-group heterogeneity). The positive association between blood glucose levels and CVD risk was more apparent in cohorts of women and mixed-sex cohorts than in cohorts of men only (Table 3) . However, the relationship did not appear to differ by age for the main analysis and is not significantly different within studies that assessed fasting and postchallenge blood glucose levels. In our metaregression analysis that included follow-up period as a study-level covariate, differences in study duration did not affect pooled estimates materially. A 1-year increase in study duration was associated with a 0.01-U decrease in log RR (95% CI, −0.03 to 0.002; P = .10). Stratification by adjustment for traditional CVD risk factors attenuated but did not fully explain the blood glucose level effect.
The pooled RRs were 1.27 (95% CI, 1.13-1.43) comparing the top and bottom categories of glycemia from studies measuring fasting blood glucose level and 1.27 (95% CI, 1.09-1.48) from studies measuring postchallenge blood glucose level. Studies considering blood glucose level as a continuous exposure showed compatible results. One study reporting postchallenge blood glucose level as a continuous exposure was a heavily weighted outlier. 48 Removing that study increased the overall pooled RR for a 20-mg/dL (1.1-mmol/L) increase in postchallenge blood glucose level to 1.05 (95% CI, 1.04-1.07) and the pooled RR for cohorts of men to 1.04 (95% CI, 1.02-1.06). The difference in the pooled RR for cohorts of men and the pooled RR for cohorts of women and mixed-sex cohorts remained significant (P = .03). Although the sample size was quite small and the results were not statistically significant, glycosylated hemoglobin A 1c level appeared to be a good predictor of CVD events (RR, 1 17, 21, 26, 40 were available for estimating the dose-response curve (Figure 3) . Postchallenge glucose level appears to be linearly related to CVD across the nondiabetic range, whereas fasting blood glucose level shows a possible threshold effect at 100 mg/dL (5.6 mmol/L). Figure 4 shows a funnel plot for the visual assessment of publication bias. The plot shows slightly more data points from small studies above the horizontal line (representing the pooled estimate of log RR), indicating a possible minor publication bias favoring studies with positive outcomes.
COMMENT
Our results extend the relationship between blood glucose level and CVD into the nondiabetic range. Although postchallenge blood glucose level has a linear relationship with CVD risk in the nondiabetic range, a possible threshold effect with fasting blood glucose level appears to be around 100 mg/dL (5.6 mmol/L). This finding supports the newly revised criteria by the American Diabetes Association for the diagnosis of impaired fasting glucose level. 54 Women may have a greater CVD risk associated with hyperglycemia than men in these populations without apparent DM, consistent with a similar sex difference previously seen in people with DM; however, few studies examined the relationship in cohorts of women only. The mechanism for the apparent sexspecific relationship between DM and CVD is still un-clear. 12 Hyperglycemia in women may be more associated with other CVD risk factors than in men. This finding is supported by a meta-analysis that reported that significant differences in CVD risk between men and women disappeared after extensive control of other CVD risk factors. 55 However, other studies reported that adjustment for CVD risk factors does not explain the sex difference, suggesting that hyperglycemia may abolish the protective effects of being female on CVD risk. 56 Our subgroup analysis indicates that blood glucose level may be a clinically significant risk marker, associated with a 19% increase in CVD risk independent of traditional risk factors. Although these data cannot exclude the possibility that the increase in CVD risk may be due to other adverse metabolic conditions, including insulin resistance and hyperinsulinemia, they indicate that blood glucose level, even in the nondiabetic range, is a significant risk marker for the future development of CVD. Signficant in vitro and animal study evidence implicates elevated blood glucose levels in the development of CVD, although the exact mechanism of cardiovascular damage associated with glycemia is not clear. Detrimental effects of elevated glycemia levels include nonenzymatic glycosylation of proteins, increased metabolism of glucose through the polyol and glucosamine pathways, and generation of free radicals. 57, 58 Glycosylation of lowdensity lipoprotein makes it more oxidizable and more atherogenic, 57 and advanced glycosylation end products can cross-link proteins, particularly in the extracellular matrix of the vascular walls. 59 Metabolism of excess glucose by secondary pathways can also alter cell function by altering signal transduction and changing the oxidative potential in cells. This may contribute to general cell damage and dysfunction. 57 These pathways can also activate tissue-specific protein kinase C. 58 Increased protein kinase C activity decreases fibrinolysis and nitric oxide levels and increases cell proliferation and coagulation, contributing to CVD development. 57, 58 There has been an ongoing debate about which of the interrelated defects in glucose metabolism and regulation is responsible for the increased risk of CVD. 57 Postprandial hyperglycemia, tested clinically by means of postchallenge glucose assessment, is suspected to be particularly harmful and occurs long before the elevation of the fasting glucose level. 57 In our study, people in the top categories of postchallenge and fasting glucose levels had similarly increased risks of CVD; however, the CVD risk increased more steeply for increasing fasting blood glucose level than for postchallenge glucose level, perhaps because the nondiabetic range is greater for the postchal- Abbreviations: CHD, coronary heart disease; CVD, cardiovascular disease; HbA 1c , glycosylated hemoglobin; NR, not reported; SE, standard error. SI conversion factor: To convert glucose to millimoles per liter, multiply by 0.0555. *Data represent the percentage of the study that was male. In studies that included only women, the value is zero. †For 1-mg/dL increase of fasting, postchallenge, and casual glucose levels, and 1% increase for HbA 1c .
‡Indicates Western Electric Co Study only.
lenge glucose level. Glycosylated hemoglobin level, which measures relatively long-term glycemia, appears to be a reasonable alternative to measuring postchallenge or fasting blood glucose level. Glycosylated hemoglobin level was predictive of CVD across the whole range of values in 1 cohort and had a higher predictive value for mortality than other CVD risk factors. 60 In this population, there was a suggestion, although not significant, that the glycosylated hemoglobin level is useful for the prediction of CVD. Although casual glucose level was an unexpectedly strong predictor of CVD, given the intra-individual variability inherent in this test, the strong association may be due to misclassification of individuals with undiagnosed DM.
Recently, the STOP Non-Insulin-Dependent Diabetes Mellitus Trial found that reducing postprandial hyperglycemia with acarbose, an ␣-glucosidase inhibitor, reduced incidence of CVD by 49% in 1368 people with impaired glucose tolerance who were followed up for 3.3 years. 61 Dietary changes such as low glycemic load foods can also reduce glycemic burden, shown by a recent metaanalysis, 62 as can exercise and hypoglycemic medications. The American Diabetes Association does not recommend measurement of postchallenge glucose levels for screening because of the expense, inconvenience, and intraindividual variability of the test. 5 Our study does not support the notion that the postchallenge blood glucose level is superior to the fasting blood glucose level for predicting CVD in the nondiabetic range, although the two tests may identify different individuals at increased risk, and some individuals who are classified as nondiabetic by fasting blood glucose level may be classified as diabetic by postchallenge glucose level. In particular, it has been suggested that age may modify the glycemic response due to insulin resistance and that hyperglycemia may shift from mainly fasting hyperglycemia in younger subjects to mainly postchallenge hyperglycemia in older subjects. 11 Results from our analysis did not support this hypothesis, although the categorization of populations by whether or not they included individuals older than 60 years is not optimal for detecting a difference.
The magnitude of the glycemia association with CVD risk in our study is consistent with that previously reported. 10 In addition, we have investigated heterogeneity between studies due to differences in sex, age range, and control for CVD risk factors. We have also examined different types of glycemia assessment, including casual blood glucose level and preliminary results for glycosylated hemoglobin level.
We found substantial differences across studies included in this analysis. First, the methods, blood fractions, and time frame postchallenge used to assess glycemia varied across studies. Second, the ranges for the top and bottom glucose categories varied across studies. Third, studies reported different end points, although selection of different end points did not affect our results in a sensitivity analysis (results not shown). Moreover, changes in the definition of diabetes and methods to exclude people with DM used across the studies may contribute to the het- 20 white, 1997 Balkau et al, 21 1998 Bjornholt et al, 33 1999 Hart et al, 37 men, 1999 Rodriguez et al, 23 1999 Wannamethee et al, 38 1999 Simons et al, 34 men, 2000 DECODE Study Group, 24 men, 2001 Henry et al, 35 2002
Combined Figure 2 . Relative risks for cardiovascular disease (CVD) comparing the highest with the lowest glycemia categories stratified by sex. Size of the solid squares is inversely proportional to the variance of the study estimate. Arrows represent error bars that continue beyond the scale of the figure, and diamonds represent the random-effects pooled relative risk and 95% confidence interval overall and for analyses by sex. The dashed line is drawn at the overall pooled estimate.
erogeneity of these published results. However, in a sensitivity analysis of studies that did not include any individuals meeting the current criteria for diagnosis of DM, the pooled RR was not significantly different from the RR estimated from studies that could not apply those strict exclusion criteria. To account for these differences and iden- †The RR is associated with an increase of 1% in glycosylated hemoglobin level or 20 mg/dL in blood glucose level. ‡Subgroup analyses are based on postchallenge blood glucose levels unless otherwise specified. tify sources of heterogeneity, we also conducted metaregression and stratified analyses. Although it is likely that DM and then CVD developed in some individuals with nondiabetic hyperglycemia, this does not change the conclusion that baseline hyperglycemia can predict CVD. The studies also varied in the CVD risk factors measured, and none measured insulin resistance or fasting insulin level, preventing the identification of hyperglycemia as an independent risk factor. Future studies that measure these risk factors are needed to determine whether nondiabetic hyperglycemia causes cardiovascular damage or shares common causes with CVD. Finally, as in many metaanalyses, there is evidence of some publication bias favoring positive studies. In summary, our meta-analysis of 38 prospective studies that included 172 934 men and 44 216 women indicates that screening for blood glucose levels, even among those who are not suspected of having DM, may be useful for identifying individuals, particularly women, at increased risk of CVD. The horizontal solid line is drawn at the pooled log relative risk, and dashed lines represent the expected 95% confidence interval for a given standard error, assuming no between-study heterogeneity.
